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1
BEAM-COMBINER FOR FIBER-DELIVERED
LASER-BEAMS OF DIFFERENT
WAVELENGTHS

CROSS REFERENCED TO RELATED
APPLICATIONS

This application is a continuation of PCT/US2012/065367,
filed Nov. 15, 2012, which claims priority to U.S. patent
application Ser. No. 13/301,574, filed Nov. 21, 2011, which
issued as U.S. Pat. No. 8,599,487 on Dec. 3, 2013, each of
which are hereby incorporated by reference in the present
disclosure in their entirety.

TECHNICAL FIELD OF THE INVENTION

The present invention relates in general to spectral combi-
nation of laser-beams having different wavelengths. The
invention relates in particular to combining into a single opti-
cal fiber, laser-radiation from a plurality of optical fibers with
each of'the fibers delivering radiation at a wavelength difter-
ent from the wavelength of radiation delivered by any other
fiber.

DISCUSSION OF BACKGROUND ART

Laser-beams of different wavelengths (colors) are com-
monly used in a broad range of life-science applications from
scientific research leading to medical advances, to clinical
functions where lasers are used in diagnostics. Life science
applications include flow cytometry and cell sorting, multi-
spectral microscopy, DNA sequencing and retina scanning.
Thelaser-beams are predominantly used in these applications
to excite fluorophores attached to a sample, allowing
researchers and clinicians to perform a variety of important
tests at both the cellular and molecular level.

A common method of transporting laser-radiation to an
application site, microscope or apparatus is via an optical
fiber. In applications such as multi-spectral microscopy or
flow cytometry, which require radiation in a range of different
wavelengths, laser-beams of these different wavelengths
must be coupled into the optical fiber from sources providing
the different-wavelength laser-beams.

Semiconductor laser modules delivering radiation at wave-
lengths in a range from the ultraviolet (UV) region to the near
infrared (NIR) region of the electromagnetic spectrum are
commercially available. In such modules, radiation from one
or more diode-lasers is coupled into an optical fiber for deliv-
ery. If a plurality of such sources is relied on to produce a
plurality of different-wavelength beams for a particular appli-
cation, means must be provided for combining the different-
wavelength beams into single beam, usually transported by a
single optical fiber as noted above.

Prior-art means for combining beams of different wave-
lengths have involved using a dispersive element such as a
prism or diffraction grating “in reverse”, i.e., by delivering
beams to the element with an angle therebetween which cor-
responds to the deviation angle of those wavelengths where a
beam having a continuous spectrum including those different
wavelengths is dispersed by the element. Where optical losses
are of concern, a prism is usually preferred. This is because a
prism configured to combine beams at the angle of minimum
dispersion (incidence angles at entrance and exit faces of the
prism about equal) can transmit plane-polarized radiation
(p-polarized with respect to the prism faces) with reflection
losses less than about 1% with negligible anamorphic distor-
tion. By way of example, an isosceles prism of F2 glass with
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an apex angle of 60° (an equi-angle prism) has a minimum
deviation angle of about 55°, which is close to the Brewster
angle of 56°.

A problem with combining fiber-delivered beams is that
fiber terminations such as GRIN lenses, ferrules or connec-
tors determine a minimum spacing for adjacent delivery
fibers. A prism at minimum dispersion provides a relatively
low dispersion which means that the delivery fibers must be
located a relatively long distance from the prism to deliver
along the appropriate dispersion angle. In the case of the
F2-glass prism exemplified above, visible-spectrum wave-
lengths from blue at 405 nanometers (nm) to red at 640 nm are
included within an angle of about 3°.

A minimum convenient spacing for FC fiber-connectors on
abeam combiner housing would be about 5 millimeters (mm)
center to center. If it were desired to combine five wave-
lengths including the red and blue wavelengths, using five
connectors, that would require to a spacing between the red
and blue wavelength connectors of about 20 mm. This would
require that the five connectors be spaced at about 40 centi-
meters (cm) from the prism. In order to fit such an arrange-
ment in a convenient enclosure having a “footprint” less than
say 10 cm by 10 cm, this would require “folding” the beam
path between the connectors and the prism using as many as
four fold mirrors. Each fold mirror would require a broad-
band high-efficiency reflective coating for p-polarized radia-
tion which would add to the cost and complexity of the
combiner. There is a need for an alternate approach to accom-
modating a single beam-combining-prism into a fiber con-
nected multi-wavelength beam combiner of convenient
dimensions.

SUMMARY OF THE INVENTION

The present invention is directed to optical apparatus for
combining at least a first plurality of laser-beams, each
thereof having a different wavelength. In one aspect, optical
apparatus in accordance with the present invention comprises
afirst plurality of directing-prisms equal in number to the first
plurality of laser-beams, and a combining-prism. Each of the
plurality of directing-prisms is arranged to transmit a corre-
sponding one of the first plurality of different-wavelength
laser-beams and direct that laser-beam to the combining-
prism. The first plurality of directing-prisms and the combin-
ing-prism are configured and arranged such that the first
plurality of different-wavelength laser-beams is transmitted
by the combining-prism and exits the combining-prism along
a common path.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, schematically illus-
trate a preferred embodiment of the present invention, and
together with the general description given above and the
detailed description of the preferred embodiment given
below, serve to explain principles of the present invention.

FIG. 1A is a plan view from above, schematically illustrat-
ing one preferred embodiment of a laser-beam combiner in
accordance with the present invention for combining a plu-
rality of laser-beams each having a different wavelength, a
corresponding plurality of directing-prisms each thereof
arranged transmit a corresponding one of the different-wave-
length laser-beams and direct that laser-beam to a combining-
prism, with the directing-prisms and the combining-prism
configured and arranged such that the beams directed onto the
combining-prism are transmitted by the combining beam,
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exit the combining-prism combined on a common path and
are focused into an output optical fiber.

FIG. 1B is an elevation view, partly in cross-section, seen
generally in the direction 1B-1B of FIG. 1A, schematically
illustrating further detail of the laser-beam combiner of FIG.
1A.

FIG. 2 schematically illustrates detail of the prism arrange-
ment and exemplary spacing of beams and input fibers in the
arrangement of FIGS. 1A and 1B.

FIG. 2A is a graph schematically illustrating relative cou-
pling efficiency at the output fiber of FIGS. 1A and 1B as a
function of relative lateral shift of the combined beam with
respect to the output fiber, with the relative shift related to a
variation of a beam-wavelength from a nominal or design
value for that beam.

FIG. 3 is a three-dimensional view schematically illustrat-
ing a computer draftspersons design for a package including
the arrangement of FIGS. 1A and 1B.

FIG. 3A is an elevation view schematically illustrating
detail of fiber connectors in the package of FIG. 3.

FIG. 4 schematically illustrates another preferred embodi-
ment of alaser-beam combiner in accordance with the present
invention similar to the embodiment of FIGS. 1A and 1B but
having additional beams directed to the combining prism by
a plurality directing prism and turning mirror pairs.

FIG. 5 schematically illustrates yet another preferred
embodiment of alaser-beam combiner in accordance with the
present invention for combining a plurality of parallel propa-
gating input laser-beams having a first spacing therebetween,
including a corresponding plurality of directing-prism pairs
arranged to significantly reduce the spacing between the par-
allel input laser-beams to a second spacing, and a lens
arranged to focus the second-spacing input laser-beams onto
a combining-prism, with the focal length of the lens and the
orientation and configuration of the combining-prism
arranged such that the second-spacing input laser-beams are
combined on a common path by the combining-prism.

DETAILED DESCRIPTION OF THE INVENTION

Referring now to the drawings, wherein like components
are designated by like reference numerals, FIG. 1A and FIG.
1B schematically illustrates a preferred embodiment 10 of a
laser-beam combiner in accordance with the present inven-
tion. Combiner 10 includes a housing 12 having a cover 14
(not present in FIG. 1A).

Laser-beams to be combined are introduced into the hous-
ing via optical fibers (delivery fibers) F,, F,, F5, F, and Fs,
listed in consecutive numerical order of increasing wave-
length of radiation transported thereby. The fibers are prefer-
ably single mode, polarization-maintaining fibers delivering
the single-mode beams plane-polarized in the plane of the
drawing.

By way of example, the fibers F, through F may carry
radiation having wavelengths 488 nanometers (nm), 515 nm,
532 nm, 561 nm, and 640 nm respectively. The input fibers are
depicted in FIGS. 1A and 1B as extending through the hous-
ing for convenience of illustration in these schematic render-
ings. In practice the fibers would be connected to fiber con-
nectors such as FC connectors spaced apart on the housing.
Output fibers from laser modules having the appropriate out-
put wavelengths would be transported by fibers and con-
nected to the combiner via the connectors thereon. This is
discussed further hereinbelow.

Each delivery fiber 16 is terminated by a collimating lens
16, for example, a gradient refractive index (GRIN) lens.
Lenses 16 collimate the fiber-delivered beams and direct the
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beams parallel to each other such that each one is incident on
a face of a corresponding one of prisms P, P,, P;, P, and Py,
which can be referred to as directing-prisms. The prisms are
arranged spaced apart in a direction at an angle to the propa-
gation direction of the fiber-delivered beams. The directing-
prisms are also arranged such that the beams are incident
thereon at about the minimum-deviation angle. The prisms
are preferably all of equal dimensions, made from the same
suitable glass, and with the bases of the prisms parallel to each
other. One suitable glass is N-SF11 which has a high refrac-
tive index and relatively high dispersion. This provides that
the prisms can be equal angle (60°) prisms with minimum-
deviation beam-incidence thereon near the Brewster angle to
minimize losses.

The different wavelength beams are turned by directing-
prisms P, -P to form a beam dispersion fan (in the plane of the
drawing only) which converges onto a combining-prism
(Py). Prism Py is preferably of the same dimensions and
material as directing-prisms P,-P5 and is arranged with the
combining apex thereof opposed to the apexes of the direct-
ing-prisms, but with the base thereof parallel to the bases of
the directing-prisms. The distance between P5 and P, is
selected such that prism P, combines the different-wave-
length beams along a common path forming in effect a colli-
mated beam of white light which is focused by a GRIN lens
16 into a white-light output-fiber F ;.

It will be evident from the drawing of FIG. 1 that using
individual prisms for directing individual beams being com-
bined allows the prism apexes to intrude marginally into the
beam fan at widely spaced points along the fan which pro-
vides for a wide separation of input fibers (input beams)
without a long beam-path. The arrangement has other advan-
tages in manufacturing, as all prisms have the same dimen-
sions, are of the same material, and no optical coatings are
required. The directing-prisms, the combining-prism and the
grin lenses can all be bonded to a common base-plate 18, after
being aligned. Alignment can be effected by a suitable cut-out
mask or jig. One suitable method for solder bonding optical
components is described in U.S. Pat. No. 5,930,600, assigned
to the assignee of the present invention and the complete
disclosure of which is hereby incorporated herein by refer-
ence.

It is advantageous to configure the inventive beam com-
biner to maximize the acceptance bandwidth of input chan-
nels, i.e., input fibers. This enables the combiner to accom-
modate anticipated variations in the wavelength of a diode-
laser module from a nominal center wavelength. FIG. 2
schematically illustrates detail of the prism arrangements of
FIG. 1A indicating a preferred beam spacing S, of approxi-
mately 4-times m,, where w,, is the beam radius. The spacing
S, between input fibers is about 5.5 mm. From the description
of'the present invention provided herein one skilled in the art
can design other prism and fiber spacing-combinations using
commercially available optical design software, such as
ZEMAX available from the Zemax Corporation, of Belle-
view, Wash.

It should be noted that the “bandwidth per channel” is
related to a relative lateral beam-shift Ax (in the plane of the
drawing, relative to m,) from perfect alignment at combining
fiber Fy,. This lateral shift is related to the deviation of the
actual input wavelength from a nominal input wavelength,
and translates to a reduction in fiber coupling efficiency
(FCE) from a maximum practical value. The bandwidth per
channel, accordingly, is determined by the extent of FCE
reduction that is tolerable. This is illustrated in the graph of
FIG. 2A, which schematically depicts FCE as a function of
relative lateral shift and the corresponding half (the positive
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half) bandwidth per channel. In the calculation of FIG. 2A, it
is assumed that the difference in nominal (center) wavelength
of adjacent channels (beams) is 83 nm.

FIG. 3 and FIG. 3A schematically illustrate a design 10A
for a practical package including the arrangement of FIGS.
1A and 1B. Here, fibers F, through Fs of FIG. 1A are all
within the combiner-enclosure, which is designated with ref-
erence numeral 12A. The fibers are connected to the female
members 22 of fiber connectors such as the above referenced
FC connectors. Male members 24 of the connectors are
attached to fibers (not shown) transporting radiation from
laser modules providing the particular radiation wavelengths
to be combined. In arrangement 10A, it is contemplated that
output fiber F ;. is semi-permanently “pigtailed” to the pack-
age by a connector 26. The term “semi-permanently”, as used
here, recognizes that the output fiber could be manufacturer
replaceable, if necessary. A package such as 10A can be made
with dimensions a compact as about 5 cm per side with a
thickness of about 1 cm. Dimensions of directing and com-
bining prisms can be on the order of 5 mm per side.

FIG. 4 schematically illustrates another preferred embodi-
ment 30 of a laser-beam combiner in accordance with the
present invention. Combiner 30 is similar to combiner 10 of
FIGS. 1A and 1B, but is modified to accommodate more
beams to be combined, while still maintaining a relatively
compact arrangement. In this example seven beams are com-
bined, with the shortest-wavelength beam being a 405 nm-
beam and the longest wavelength beam being the same (a 640
nm-beam) as exemplified above with reference to exemplary
wavelengths of arrangement 10. This means that, absent any
modification, the beam path would need to be correspond-
ingly longer from the combining-prism (P;;) to the furthest-
removed directing-prism to accommodate the additional
shorter wavelength beams.

In arrangement 30, there is a first plurality of directing-
prisms P, through P; all similarly oriented as in arrangement
10. In this example of arrangement 30, this plurality of direct-
ing-prisms directs beams having wavelengths 488 nm, 515
nm, 532 nm, 561 nm and 640 nm respectively, i.e., from the
longest-wavelength beam to some intermediate shorter-
wavelength beam. This intermediate shorter-wavelength
beam determines the longest distance of a directing-prism
from combining-prism Py The other two beams, here at the
shortest (405 nm) wavelength and the next (at 445 nm) are
directed by directing-prisms P, and P, respectively, closer to
prism Py, than is Ps, across the beam paths of the longer
wavelength beams to prisms P, and P, ,, faces of which are
provided with reflecting coatings (not shown) to allow these
faces to act as, and be defined as, as turning-mirrors. Prisms
Ps, and P, are oriented such that these reflective faces
thereof direct the 445 nm- and 405 nm-beams to prism P at
an angle appropriate for beam combination by prism Py
along the common output path.

The orientation of directing-prisms P, and P, is signifi-
cantly different from that of prisms P, through Ps. Further,
while these depicted in an orientation such that input beams
thereof are parallel, for convenience of packaging, different
orientations are possible (with corresponding differences in
orientation of the turning-mirror prisms), but the directing-
prisms should still be used in the minimum-deviation mode,
as depicted, for proper pairing with the combining-prism.

In theory at least, conventional (parallel-sided) mirrors
could be substituted for prisms P, and P ,. However, con-
ventional mirror could have problems in aspect-ratio (rigid-
ity) and can also be more difficult to mount. The use of faces
of the prisms as mirrors (using a prism as a mirror substrate)
is preferred because the mirror substrate is rigid and can be
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manufactured in a same batch as directing-prisms. The side of
the prisms is convenient for bond-mounting and alignment on
a base-plate (such as base-plate 18 of FIGS. 1A and 1B) as
preferred for the directing-prisms. Further, the apex of the
prism allows beam turning to be accomplished with a close
physical spacing of the beams to be combined. In practice, the
apex of any of the prisms does not need to be a “knife-edge”
as depicted, but can be slightly flattened, while still being
describable as an “apex” for purposes of this description and
the appended claims.

FIG. 5 schematically illustrates yet another embodiment
40 of a laser-beam combiner in accordance with the present
invention. Here, prisms P, P,, P;, P, and P receive spaced-
apart parallel beams having wavelengths of 488 nm, 515 nm,
532 nm, 561 nm, and 640 nm, respectively. Prisms P,, P,, P,
P, and P, are paired with prisms P, P5, P., P, and P,
respectively. Beams having the respective wavelengths leave
the prism pairs parallel to each other but much closer spaced
than beams input to prisms P, P,, P;, P, and P;. Preferably all
of the prisms are made from the same glass, are of equal
dimensions and are arranged in about the minimum deviation
condition. The bases of prisms P,, P,, P;, P, and P are
parallel to each other and parallel to the bases of prisms P,
Pg, P, Ppand P,. The apexes of the P, through P prisms are
opposed to the apexes of the P, though P prisms, thereby
achieving the parallel input and output beam conditions for
the prism pairs.

The closely spaced, parallel output-beams from the PA
through PE prisms are focused by a lens 32 onto a combining-
prism P, Prism P, is preferably made from the same glass as
the other prisms, with the base of the combining-prism par-
allel to the bases of the other prisms. The spacing of the
parallel beams incident on the lens and the focal length of'the
lens are selected such that prism Py, combines the different
wavelength beams along a common path as discussed above
with reference to other preferred embodiments of the inven-
tion. Preferably the focal length of lens 42 is on the order of
the spacing between prisms in the prism-pairs. The arrange-
ment of FIG. 5, from the description thereof provided herein
can also be modeled using commercially available optical
design software as noted above.

In the embodiments of FIGS. 1A-B and FIG. 4 there is
some dispersive action in the channels between the directing-
prisms and the combining-prism P, which makes the com-
bination of beams somewhat sensitive to angular alignment of
the directing-prisms. This dispersive action is compensated
by the prism-pair arrangement of embodiment 40. Lateral
shift and associated loss of FCE of the white beam as a result
of wavelength deviation from nominal in any channel is not
compensated. No representation is made that any advantage
offered by embodiment 40 over other above-described
embodiments is worth the implicit additional component
costs and additional assembly costs.

Those skilled in the art to which the present invention
pertains will recognize that while above-described embodi-
ments of the inventive beam-combiner are exemplified using
beams of particular wavelengths, beams of other wavelengths
may be combined using these embodiments without depart-
ing from the spirit and scope of the present invention. Further,
while the present invention is described above in terms of
particular embodiments, the invention is not limited to those
embodiments but is defined by the claims appended hereto.

What is claimed is:

1. An apparatus comprising:

an enclosure;

a plurality of first openings located on a first side of the

enclosure each providing passage of a beam of laser
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radiation between the inside and outside of the enclo-
sure, each opening associated with a different wave-
length of laser radiation;

a second opening located on the second side of the enclo-
sure opposite the first side and providing passage of a
beam oflaser radiation between the inside and outside of
the enclosure, said second opening associated with a
combined beam of laser radiation having multiple wave-
lengths;

aplurality of first prisms mounted within the enclosure and
aligned with the first openings; and

a second prism mounted within the enclosure and aligned
with the second opening, said first and second prisms
being oriented and positioned to define optical pathways
for the respective beams of laser radiation between each
of the first prisms and the second prism, said beams
passing through the prisms without internal reflection.

2. The apparatus of claim 1, wherein the beam paths
between the first openings and the first prisms are parallel to
each other and wherein the first prisms are arranged spaced
apart with bases thereof about parallel to each other.

3. The apparatus of claim 2, wherein the base of the second
prism is about parallel to the bases of the first prisms and the
apex of the second prism is opposed to the apexes of the first
prisms.

4. The apparatus of claim 1, wherein the first prisms and the
second prism have the same dimensions and are made from
the same material.

5. The apparatus of claim 1, further including a plurality of
first optical fibers connected to the first openings for trans-
mitting the associated laser beam.

6. The apparatus of claim 5, further including a plurality of
lenses located between each of the first optical fibers and the
associated first prism.

7. The apparatus of claim 6, further including a second
optical fiber connected to the second opening for transmitting
the associated laser beam.

8. The apparatus of claim 7, further including a lens located
between the second optical fiber and the second prism.

9. An apparatus as recited in claim 1 further including a
plurality of third openings located on the first side of the
enclosure each providing passage of a beam of laser radiation
between the inside and outside of the enclosure, each third
opening associated with a different wavelength of laser radia-
tion, a plurality of third prisms aligned with the third openings
and a plurality of reflectors associated with the third prisms,
said prisms and reflectors being oriented and positioned to
define optical pathways extending between the third prism, an
associated reflector and the second prism.

10. The apparatus of claim 9, wherein the beam paths
between the first openings and the first prisms and the third
openings and the third prisms are parallel to each other and
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wherein the first prisms are arranged spaced apart with bases
thereof about parallel to each other.

11. The apparatus of claim 10, wherein the base of the
second prism is about parallel to the bases of the first prisms
and the apex of the second prism is opposed to the apexes of
the first prisms.

12. An apparatus comprising:
an enclosure;

a first optical fiber mounted to and through one side of the
enclosure;

at least three second optical fibers mounted to and through
an opposite side of the enclosure, said second optical
fibers extending in a substantially parallel orientation,
each of said second optical fibers carrying a different
wavelength radiation;

a first prism mounted within the enclosure adjacent the end
of first optical fiber; and

at least three second prisms, one for each second optical
fiber and mounted within the enclosure adjacent the ends
of the second optical fibers, said first and second prisms
defining an optical path between the end of the first
optical fiber and ends of the second optical fibers, with
the laser radiation passing through the prisms without
internal reflection.

13. The apparatus of claim 12, wherein the second prisms
are arranged spaced apart with bases thereof about parallel to
each other.

14. The apparatus of claim 13, wherein the base of the first
prism is about parallel to the bases of the second prisms and
the apex of the first prism is opposed to the apexes of the
second prisms.

15. The apparatus of claim 12, wherein the first prism and
the second prisms have the same dimensions and are made
from the same material.

16. The apparatus of claim 12, further including a plurality
of lenses located between each of the second optical fibers
and the associated second prisms.

17. The apparatus of claim 16 further including a lens
located between the first optical fiber and the first prism.

18. An apparatus as recited in claim 12 further including a
plurality of third optical fibers mounted to and through said
opposite side of the enclosure, each third optical fiber asso-
ciated with a different wavelength of laser radiation, a plural-
ity of third prisms aligned with the third optical fibers and a
plurality of reflectors associated with the third prisms, said
first and third prisms and reflectors defining an optical path
between the end of the first optical fiber and the ends of the
third optical fibers.



